Mechanism of resistance switching in heterostructure Au/LaMnO 3 /SrNb 0.01 Ti 0.99 O 3 was investigated. In Au/LaMnO 3 /SrNb 0.01 Ti 0.99 O 3 devices the LaMnO 3 films were fabricated under various oxygen pressures. The content of the oxygen vacancies has a significant impact on the resistance switching performance. We propose that the resistance switching characteristics of Au/LaMnO 3 /SrNb 0.01 Ti 0.99 O 3 arise from the modulation of the Au/LaMnO 3 Schottky barrier due to the change of the oxygen vacancy concentration at Au/LaMnO 3 interface under the external electric field. The effect of the oxygen vacancy concentration on the resistance switching is explained based on the self-consistent calculation. Both the experimental and numerical results confirm the important role of the oxygen vacancies in the resistance switching behavior.
Introduction
Resistance switching effects have attracted considerable attention due to its potential applications in next generation nonvolatile memories with high density, great scalability and low power consumption. 1, 2 Up to now, resistance switching effects have been observed in a wide variety of perovskite oxides, such as manganites, titanates and zirconates, with metal-insulator-metal capacitor-like structures.
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The mechanisms of the resistance switching effects, however, remain elusive. To understand the underlying switching mechanisms, several theoretical models have been proposed, such as the modulation of the Schottky barrier, 6,7 charge trapping and discharging, [8] [9] [10] electrochemical migration of oxygen vacancies [11] [12] [13] [14] [15] and oxidation/reduction reaction. In this paper, we investigate the role of the oxygen vacancies in the resistance switching performance and the effects of the concentration of the oxygen vacancies on the characteristics of resistance switching in Au/LMO/SNTO devices with LMO films fabricated under various oxygen pressures. Many works have investigated the correlation between the resistance switching properties and oxygen vacancies by controlling the concentration and the migration of oxygen vacancies via various techniques. [18] [19] [20] [21] [22] [23] The migration of oxygen vacancies (or oxygen ions)
under an applied electric field, which has attracted great attentions, is considered to play an important role in these effects. Recently, we have shown that the amount of oxygen vacancies in LMO varies with the fabrication oxygen pressure using Aberration-Corrected Scanning Transmission Electron Microscopy (STEM) in Pt/LaMnO 3 /SrNb 0.01 Ti 0.99 O 3 (SNTO) devices which exhibit varying degrees of hysteretic behaviors. 21 The oxygen vacancy concentration in the LMO film has a significant impact on the resistance switching characteristics. The focus of this paper is on the correlation between the concentration of oxygen vacancy and the properties of Au/LMO Schottky junction. Because oxygen vacancies behave as mobile donors in LMO, their concentration can affect the carrier density. On the other hand, oxygen vacancies also act as impurities which have impact on the mobility of carriers. Our detailed analysis of the role played by the oxygen vacancies on the properties of Au/LMO Schottky junctions is presented based on the numerical calculation.
Experimental Techniques
Oxygen-deficient LMO films with a thickness of 100 nm were directly deposited on the SNTO substrates of the size 3 × 5 mm 2 by computer-controlled laser molecularbeam epitaxy (LMBE), with a pulsed XeCl excimer laser beam (∼ 20 ns, 2 Hz, ∼ 1.5 Jcm −2 , 308 nm) focused on a sintered ceramic LMO target. The SNTO substrates were carefully cleaned with alcohol, acetone and deionized water before being placed into the growth chamber. Subsequently, LMO films with a thickness of 100 nm were deposited at a temperature of 750 
which is depicted by four branches with arrows as shown in Fig. 1 . In order to avoid the dielectric breakdown the maximum of negative-bias is only 1.5V. Thus, the resistance switching behavior is not very noticeable when under the reverse-bias. All data are quite stable in the present samples, and can be repeated after several months. interface between Au and LMO, while the ohmic contact would appear at the interface between LMO and SNTO. Thus, the I-V loops exhibit obvious rectifying characteristics that are attributed to the Schottky junction formed at Au and LMO interface. The properties of the Schottky junction formed at the Au and LMO interface can be obtained by self-consistently solving the Possion and continuity equations. 28 The coupled equations with three primary variables: the electrostatic potential ψ(x), the quasi-Fermi potential of electrons φ n (x) and holes φ p (x) are as follows: 
Calculation Method
where n(x) and p(x) are the concentration of electrons and holes, respectively. J n (x) and J p (x) are the current density of electrons and holes, respectively. U (x) is the recombination rate of the Shockley-Read-Hall recombination process.
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q, ε, N d and n i denote the electron charge, dielectric constant, ionized donor density and intrinsic carrier concentration, respectively. k and T denote the Boltzmann constant and temperature, respectively. Richardson thermionic current based on the thermionic-emission-diffusion theory 28 is employed as the current boundary condition.
where v n , v p are the thermal velocities of the electrons and holes in the semiconductor respectively. n s and p s are the concentrations of the electrons and holes at the semiconductor surface respectively. n 0 and p 0 denote the concentrations of the electrons and holes under quasi-equilibrium condition respectively. Moreover, electrons in the metal are able to tunnel into the conduction band of LMO under the reverse-bias, so the tunneling current is included in our calculation. The tunneling current density of electrons is expressed as
where ϕ(x) is the wave function obtained by solving the one-dimensional singleparticle Schrödinger equation using Numerov's method. The details of solving these equations were reported in Ref. 21 .
Results and Discussion
The dramatic change in the resistance of Au/LMO/SNTO devices under the forward-bias is considered arising from modulating the Au/LMO Schottky barrier by the movement of oxygen vacancies. Because oxygen vacancies are positively charged, they can be repelled away from the interface of Au and LMO, when the positive bias is applied on the Au. Thus the height and width of Au/LMO Schottky barrier become higher and wider due to the decrease of the concentration of the oxygen vacancies. The possible influence of electrical Joule heating effect in this device cannot be avoided. The heating effect can influence the movement of the carriers and oxygen vacancies (oxygen ions), which may have impact on the unipolar switching behavior. However, the Joule heating is not the dominant mechanism in our devices with bipolar switching phenomenon. 3, 33 To minimize the heating effect, we stopped for two minutes after each point measuring.
We assume that the concentration of electrons in the vicinity of the Au/LMO interface decreases with decreasing the concentration of the oxygen vacancies, as the oxygen vacancies act as the donors in the oxides. The distribution of the electrons and holes of LMO films fabricated under 5 × 10 −3 and 5 × 10 −2 Pa at low resistance state (LRS) and high resistance state (HRS) are plotted in Fig. 2 . The decreasing of the concentration of the electron results in the increase of the width of the depletion layer. Thus, the resistance of the Schottky junction, which contributes the major part of the whole resistance of the device, increases accordingly. As a result the resistance of the device is eventually switched from LRS to HRS with sufficient forward-bias. The various contents of oxygen vacancies generated by the process of fabrication seem to be responsible for the varying resistance switching performances. with more oxygen vacancies has more conducting electron. But the existence of the oxygen vacancies, which also act as impurities in LMO thin films, can affect the properties of LMO film simply by two ways of narrowing down the band gap for the impurity levels (quasi-continuous) lying in the band gap and reducing the carrier mobility for the impurities scattering. This assumption is reasonable, as some early studies on the p-doped lanthanum manganites have revealed that oxygen vacancies could decrease the band gap, 34 carrier (hole) density and mobility. , respectively, which were obtained by our measurements using a Quantum Design physical property measurement device (PPMS-9). The band gap of the LMO is taken from 1.5 eV to 2.0 eV, and the carrier mobility of manganese oxide is around 10 cm 2 V −1 s −1 , which is identical with the reported parameters in previous works. [37] [38] [39] [40] [41] [42] [43] Our calculated results of the transport property and the switchable resistance effects, which are plotted in Fig. 1 , have good agreements with the experimental data.
Conclusion
We have explained the role of the oxygen vacancy in the resistance switching effect by assuming they behave as mobile donors and impurities. Based on the driftdiffusion model, the change of the oxygen vacancy concentration at the Au/LMO Schottky interface under the external electric field is considered to be responsible for the resistance switching behaviors. results were reasonable and applicable, and this result would be helpful for understanding the underlying mechanism of the resistance switching.
